Purpose: To investigate the changes in gene expression induced by cyclic mechanical stress (CMS) in trabecular meshwork (TM) cells. Methods: Human TM cultures from three donors were plated on type I collagen-coated flexible silicone bottom plates and subjected to 15% stretching, one cycle per second for 6 h. Non-stressed parallel control cultures were incubated under the same conditions in the absence of CMS. Total RNA from each culture was amplified (1 round of amplification) and hybridized to Operon Human Oligo Arrays version 3.0 (35 K probes). Differences in gene expression induced by CMS were analyzed using Genespring 7.2. quantitative polymerase chain reaction (Q-PCR) was used to confirm changes in the expressions of 12 selected genes. The effects of chemical inhibitors for p38, ERK (extracellular signal-regulated kinase), JNK (Jun N-terminal kinase), PKA (protein kinase A), PI3K (phosphoinositide 3-kinase), and P2 (purinergic 2) receptors on the induction of MMP3 (matrix metalloproteinase 3), HSP70 (heat shock protein 70), ECSM1 (endothelial cell specific molecule 1), BMP2 (bone morphogenetic protein 2), VEGFC (vascular endothelial growth factor C), and IL-8 (interleukin 8) were evaluated in porcine TM cells subjected to the same regime of CMS as that used in human cells. Results: CMS induced extensive gene expression changes (664 genes, p≤0.05) twofold or higher in cultured TM cells. Many of these changes were related to extracellular matrix (ECM) synthesis and remodeling including the upregulation of two metalloproteinases (MMP3 and MMP10). Cytoskeleton and cell adhesion genes were also affected by CMS as well as genes known to be involved in cellular protection against stress including several members of the HSP70 family. Inhibition of PI3K/AKT and P2 receptors pathways significantly reduced the induction of MMP3 and IL-8 whereas the inhibition of the PKA/cAMP pathway decreased ECSM1 and BMP2. Conclusions: CMS activated many genes that could influence the aqueous humor outflow facility, specifically genes involved in ECM synthesis and remodeling (e.g. MMPs), cytoskeletal organization, and cell adhesion. Induction of MMP3 has the potential to increase the aqueous humor outflow facility and could be part of a homeostatic mechanism involved in the maintenance of normal intraocular pressure (IOP) levels. Other observed changes are more likely to be related to general cellular responses to stress (e.g., HSP70, ECSM1, and BMP2). Although these latter changes may initially help to repair mechanical damage, some of them such as the induction of BMP2 could eventually increase tissue rigidity and compromise the ability of the TM to maintain normal levels of outflow resistance.
The trabecular meshwork (TM) and Schlemm's canal form the major conventional route for aqueous outflow from the anterior chamber of the human eye. The TM is also the site of the abnormal increase in outflow resistance that leads to elevated intraocular pressure (IOP) in glaucoma [1] [2] [3] [4] . Similar to other tissues in the body, the TM is subjected to mechanical forces that can exert important effects on the normal physiology of the tissue as well as contribute to pathological alterations [5, 6] .
Several studies have demonstrated that the TM responds to the stretch produced by a static increase in IOP by altering both its morphology and patterns of gene expression [7] [8] [9] [10] . Such changes in gene expression have been proposed to play a role in restoring normal levels of IOP through homeostatic influences on aqueous humor outflow facility [7, 9] .
However, mechanical stress in the TM in vivo does not only result from simple static changes in IOP. In vivo, the TM is constantly subjected to transient spikes of IOP such as those associated with systole of the cardiac cycle, blinking, and eye movement [1, 11] . In particular, the cardiac cycle leads to oscillations of IOP potentially in the order of 2.7 mmHg, which then produces cycles of TM tissue stretching and relaxing [11] .
In several cell types, cyclic regimes of mechanical stress are known to exert different effects from static stretching [5] . Therefore, it should be expected that cyclic mechanical stimulation of TM cells might elicit different responses from those observed after static stretching.
Surprisingly, Ramos and Stamer [12] recently reported that cyclic IOP in perfused anterior segments of human and porcine eyes resulted in a significant decrease in outflow facility. These changes in outflow facility were not associated with detectable damage to the cells or structures of the outflow pathway, suggesting that it may result from active cellular responses to the cyclic mechanical stimulus.
A better characterization of the cellular responses to cyclic mechanical stress (CMS) in the TM is needed to understand the influences of the biomechanical environment on the physiologic function of the conventional outflow pathway.
To gain insight into these mechanisms, we investigated the changes in gene expression induced by cyclic mechanical stress in cultured TM cells using gene microarrays. We also analyzed the potential involvement of several regulatory pathways on these observed changes in gene expression.
METHODS

Cell cultures:
Within 48 h post mortem, human trabecular meshwork (HTM) cell cultures were obtained from cadaver eyes that did not have any history of eye disease [13] . Tissues were manipulated in accordance with the Declaration of Helsinki. Three HTM primary cell lines (from ages 14, 16 , and 25 year old eyes) were used in these experiments. Porcine TM (pTM) cells were generated from fresh pig eyes using the same protocol. Cell cultures were maintained at 37 °C in 5% CO2 in media (low glucose Dulbecco's Modified Eagle Medium [DMEM] with L-glutamine, 110 mg/ml sodium pyruvate, 10% fetal bovine serum, 100 µM non-essential amino acids, 100 units/ml penicillin, 100 µg/ml streptomycin sulfate, and 0.25 µg/ml amphotericin B). All the reagents were obtained from Invitrogen Corporation (Carlsbad, CA).
RNA isolation and quantitative polymerase chain reaction:
HTM and pTM primary cell cultures were washed with phosphate buffered saline (PBS) and immediately submerged in RNA-later (Ambion Inc., Austin, TX). Total RNA was isolated using an RNeasy kit (Qiagen Inc., Valencia, CA) according to the manufacturer's instructions and then treated with DNase. RNA yields were measured using RiboGreen fluorescent dye (Molecular Probes, Eugene, OR). First strand cDNA was synthesized from total RNA (1 µg) by reverse transcription using oligodT and Superscript II reverse transcriptase (Invitrogen Corporation) according to the manufacturer's instructions. Quantitative polymerase chain reactions (Q-PCR) were performed in a 20 µl mixture that contained 1 µl of the cDNA preparation and 1X iQ SYBR Green Supermix (Bio-Rad, Hercules, CA), using the following PCR parameters: 95 °C for 5 min followed by 50 cycles of 95 °C for 15 s, 65 °C for 15 s, and 72 °C for 15 s. The fluorescence threshold value (Ct) was calculated using the iCycle system software (Bio-Rad, Hercules, CA). The absence of nonspecific products was confirmed by both the analysis of the melt curves and by electrophoresis in 3% Super AcrylAgarose gels. β-Actin (ACTB) was used as an internal standard of mRNA expression. This gene was selected as a control because it did not show any significant difference in expression in the array analysis. The primers used for Q-PCR amplification are shown in Table 1 .
Cyclic mechanical stress application in cell culture: HTM (passage 3) and pTM (passage 4) cultures were plated on type I collagen-coated flexible silicone bottom plates (Flexcell, Hillsborough, NC). One day after confluence, culture medium was switched to serum-free DMEM 3 h before cyclic mechanical stress. Cells were stressed for 6 h (15% stretching, 1 cycle/s), using the computer-controlled, vacuum-operated FX-3000 Flexercell Strain Unit (Flexcell). A frequency of 1 5′-CCTCGCCTTTGCCGATCCG-3′  5′-GCCGGAGCCGTTGTCGACG-3′  HSP70B'  5′-ACAGGAGCACAGGTAAGGCT-3′  5′-TTCATGAACCATCCTCTCCA-3′  MMP10  5′-TGCATCAGGCACCAATTTAT-3′  5′-TGTTGGCTGAGTGAAAGAGC-3′  ECSM1  5′-TTTCTCTCACGGAGCATGAC-3′  5′-GGCAGCATTCTCTTTCACAA-3′  MMP3 5′-GCCAGGGATTAATGGAGATG-3′ 5′-ATTTCATGAGCAGCAACGAG-3′ Regulator of G protein 20
List of all primers used in this study to validate the microarray data by Q-PCR. 
RESULTS
Changes in gene expression after mechanical stress in human trabecular meshwork cells: HTM cells were subjected to mechanical stress for 6 h to evaluate the effects of CMS on the gene expression profile. Gene array analysis showed statistically significant (p≤0.05) 2.0 fold or higher changes in 664 gene transcripts. Out of these 664 genes, 349 were upregulated and 315 were downregulated. The genes most highly upregulated or downregulated after CMS are shown in Table 2 .
CMS induced changes in the expression of genes that are known to be involved in cell protection as well as genes that because of their known function could potentially influence aqueous humor outflow facility. Specifically, CMS affected the expression of genes involved in cellular stress (Table 3) and extracellular matrix (ECM) synthesis and remodeling (Table 4) as well as genes known to affect cytoskeleton and cell adhesion (Table 4 and Table 5 ).
Numerous stress defense and cell defense genes showed changes in expression. This group included 14 heat shock and heat shock related genes (Table 3) . Heat shock protein 70 B (HSP70B') showed the largest upregulation, and other members of the HSP70 family also showed high levels of induction. In addition, several metallothioneins (1A, 1B, 1E, 1G, 1H, and 2A), angiopoietin-like 4, and cluster of differentiation (CD) antigens were among the upregulated genes.
Several genes coding for proteins that can affect the ECM exhibited expression changes after CMS. Among these, the upregulation of two metalloproteinases, MMP3 and MMP10, with levels of induction of 29 and 26 fold, respectively, was particularly noticeable. Various proteoglycan genes showed either downregulation or upregulation after CMS. The most upregulated was the endothelial cell specific molecule-1 (ECSM1 or endocan). Genes associated with proteoglycan synthesis and degradation such as hyaluronan synthase and several sulfotransferases were also upregulated. Important ECM structural components such as collagens and laminin showed a decrease in expression. Other significant changes related to the ECM included the upregulation of growth factors (fibroblast growth factor [FGF] acidic and vascular endothelial growth factor C [VEGFC]), bone morphogenetic proteins (2 and 6), and plasminogen activator tissue (Table 4) .
CMS altered the expression of many cytoskeleton and cell adhesion genes. The most upregulated cytoskeleton gene was an actin binding protein that is also known to be induced by oxidative stress (ectodermal-neural cortex). The most downregulated gene was Arg/Abl-interacting protein (ArgBP2), which belongs to a family that regulates both cell adhesion and cytoskeletal organization (Table 5) . Among the genes involved in cell adhesion, particularly evident was the increase in expression of integrin beta 6 ( Table 6 ).
The original array data files are available at the Gene Expression Omnibus (GEO) under accession number GSE14768.
Validation of microarray results by quantitative polymerase chain reaction:
Twelve genes upregulated or downregulated by more than twofold expression were further analyzed by quantitative PCR in HTM cells. Although, the precise fold change values observed by Q-PCR were different from those in the gene arrays, the results were in general agreement with the arrays for all the analyzed genes ( Table 7 ). In addition, six upregulated genes (MMP3, interleukin 8 [IL8], VEGFC, Columns show the gene name, the fold expression change determined by microarray analysis, the calculated p value, where p<0.05 was considered to be statistically significant, and the GeneBank accession number. Cell viability: After CMS (6 h -15% stretching, one cycle/s), both HTM and pTM cells showed only a small decrease in viability (5% and 7%, respectively) when compared to cells in the same conditions without stress.
Effect of inhibitors on gene expression during mechanical stress:
Chemical inhibitors were used to analyze the effect of the MAP kinase pathways (p38, ERK, JNK), phosphoinositide 3-kinase (PI3) pathway, PKA pathway, and P2Y receptor signaling pathway on gene expression changes induced by mechanical stress. We evaluated the effects of these inhibitors upon the induction of some ECM regulator/ modifier genes (MMP3, BMP2, and ECSM1), the most upregulated stress response gene on the array (HSP70B'), one inflammatory response gene (IL8), and one growth factor gene (VEGFC). The inhibition of the MAP kinase pathways (p38, JNK, and ERK) resulted in the CMS-mediated induction of the heat shock protein 70 (HSP70), but this effect was only statistically significant for the inhibition of ERK. The induction of IL8 was enhanced with the JNK inhibitor. ERK and JNK inhibitors decreased the level of induction of IL8 and MMP3, respectively. PKA pathway inhibition reduced the induction of IL8, ECSM1, BMP2, and VEGFC. Inhibition of the PI3 pathway affected the induction of MMP3 and IL8. The P2Y receptor signaling pathway inhibitor, suramin, also decreased the induction of MMP3 and IL8. Treatment with suramin also resulted in the induction of HSP70 (Figure 1A-F) .
DISCUSSION
Our results document that CMS induced an intricate response in cultured TM cells with extensive gene expression changes. Some of these changes could participate in outflow regulator mechanisms and could be part of a homeostatic mechanism to maintain normal IOP levels. Others probably serve to maintain cellular integrity from mechanical stress.
Although some changes such as the induction of MMP3 have been reported in other models of mechanical stress [7] , the overall pattern of gene expression associated with cyclic mechanical stress was clearly different from that reported in similar experiments using static stress. One factor that could potentially lead to such differences is the cell type used in the experiments. While Vittal et al. [9] used porcine TM cells, our study was conducted using human TM cells. However, Q-PCR analyses of six genes upregulated in human cells were also upregulated in porcine cells, suggesting that the responses in these two species may be similar. Therefore, it appears more likely that the type of stress and the specific experimental conditions could play a more relevant role in our observed results. Some of the more prominent changes in gene expression induced by cyclic mechanical stress affected genes involved in cellular protection against different types of stress. In particular, these changes included upregulation of the HSP70 family. This family of HSPs comprises several highly evolutionary conserved proteins with different levels of inducibility in response to metabolic stress that are known to provide cytoprotection to cells, making them resistant to otherwise lethal levels of stress. HSP70 proteins maintain cell survival through the regulation of multiple steps within apoptotic pathways (i.e. stress activated protein kinase [SAPK] and JNK), and they are also believed to regulate key upstream mediators of apoptosis including oxidative stress and Ca 2+ overload. The HSP70 family member exhibiting higher levels of mRNA induction in our model was HSP70B', which is characterized by tight regulation and high inducibility. This protein is transiently induced in response to stress and then rapidly degraded by the proteasome system [14] .
The observed upregulation of genes such as ECSM1 (endocan) and VEGFC could potentially be associated with the mitogenic effects that mechanical stress produces in some other cell types [15] . ECSM1 is a dermatan sulfate proteoglycan that promotes mitogenic activity through interaction with hepatocyte growth factor/scatter during embryonic development and tissue regeneration [16] . The VEGF family of proteins can also exert mitogenic responses and is implicated in embryogenesis and tissue regeneration [17, 18] . VEGFC has been specifically determined to be required for the development of the vascular and lymphatic systems [19] . The activation of mitogenic responses by CMS in the TM together with the induction of protective mechanisms (e.g., HSP70) could help to explain the observation that in organ culture, the TM did not show a net cell loss but rather an increase in cellularity after CMS [12] .
Cyclic mechanical stress induced changes in a large number of genes that are known to affect the outflow facility such as those influencing the composition of the ECM, cellular cytoskeleton, and cell adhesion. However, some of these changes might be expected to exert contradictory effects in outflow facility. For instance, while the relatively large induction observed in MMP3 would be expected to increase aqueous humor outflow facility [20] , the upregulation of BMP2 would be more likely to decrease outflow facility [21] . The induction of some MMPs by mechanical stress has been hypothesized to be part of a homeostatic response aimed at increasing outflow facility after an increase in IOP [10] . On the other hand, BMP2 have been shown to increase ECM deposition, and BMP2 activity in HTM cells has been proposed to contribute to outflow resistance by the induction of osteogenic factors during aging and glaucoma [21] [22] [23] .
In our model, CMS elicits responses that could potentially increase outflow facility together with other responses that are associated with the need to maintain tissue integrity in the presence of mechanical forces. While the first set of responses may help to prevent abnormal elevations of IOP, the second could potentially contribute to increased rigidity of the TM over time and lead to increased outflow resistance. A similar combination of homeostatic and pathogenic effects induced by mechanical stress have been well documented in other tissues including the vascular system [24] [25] [26] .
To gain insight into the regulatory mechanisms governing the observed responses to CMS, we analyzed the effects of the inhibition of several regulatory pathways on the induction of six relevant genes upregulated after CMS (HSP70B', Genes involved in cell adhesion that were significantly up-or down-regulated more than two fold after CMS in TM cells. Columns show the gene name, the fold expression change determined by microarray analysis, the calculated p value, where p<0.05 was considered to be statistically significant, and the GeneBank accession number. 
VEGFC, MMP3, BMP2, ECSM1, and IL8).
Since the activation of inflammatory cytokines has been previously reported as a potentially important factor associated with CMS [13, 27, 28] , we also evaluated the effects of these inhibitors on the expression of IL-8, which was the inflammatory cytokine most upregulated in our model. MAPK and cytokines have previously been reported to be affected by mechanical stress and to induce MMPs in the TM [8, 13, 29, 30] . Our model supports the involvement of ERK in the induction of IL8 and JNK in the induction of MMP3. These two pathways may also have an inhibitory effect in the induction of HSP70. However, general MAPK inhibitors do not provide information about specific isoforms of the different MAPKs, which may play different roles. More specific analysis will be necessary to clarify the role of the MAPK isoforms in the responses to CMS in the TM. The role of PI3K/AKT and P2 receptors in the induction of MMP3 and IL8 but not in other responses associated with tissue damage and regeneration, (e.g., ECSM1, VEGFC, and BMP2) suggests that PI3K/AKT and P2 receptors could potentially play a contributing role to homeostatic responses aimed at lowering IOP. Protective responses aimed at preventing tissue damage and regeneration such as the induction of ECSM1 and BMP2 could potentially be induced by the PKA/cAMP pathway.
All together, our results show that TM cells exposed to CMS manifest extensive changes in gene expression. Some of these changes, such as the upregulation of MMP3, have the Figure 1 . Effects of inhibition of p38, MEK/ERK, JNK, PKA, PI3K, and P2 receptor pathways on the upregulation of six genes induced by CMS. Porcine TM cells were subjected to CMS (15%/1 hrz) for 6 h in the presence or absence of the following inhibitors SB203580 (A; p38), PD98059 (B; MEK/ERK), SP600125 (C; JNK), H89 (D; PKA), wortmannin (E; PI3K), and suramin (F; P2 receptors). The effects of these inhibitors on the upregulation of six genes (HSP70, MMP3, IL8, ECSM1, BMP2, and VEGFC) induced by CMS was evaluated by Q-PCR. Data represents the fold of induction for each gene in the absence or presence of the respective inhibitor (10 µM; n=5). An asterisk indicates that p is less than or equal to 0.05 using a paired Student's t test.
potential to increase outflow facility and could be part of an homeostatic mechanism involved in the maintenance of normal IOP levels. Other changes are more likely to be related to protective responses aimed at preventing cell and tissue damage (e.g., HSP70, ECSM1, and BMP2). Our results also show that several regulatory pathways may contribute to the diverse responses induced by CMS. The relative contribution of each of these pathways to the gene expression changes induced by mechanical stress may depend on the specific experimental model, which could help explain the variation in results obtained using different models. It is also possible that most in vitro models may not reflect accurately the balance between responses associated with tissue protection and those involved in the modulation of outflow facility.
In conclusion, the effects of CMS on TM cells seem to include a complex set of responses. While some of these responses may contribute to an increase in outflow facility, others that are perhaps aimed at preserving tissue integrity from mechanical damage may have opposite effects on outflow facility. Since the TM is subjected to CMS in vivo, elucidating the mechanisms that protect the cells against mechanical damage and those induced in outflow facility homeostasis may provide important insight into both normal and pathophysiological outflow function.
